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We study the charge transport properties of a dangling backbone ladder (DBL)-DNA molecule focusing on
a quasiperiodic arrangement of its constituent nucleotides forming a Rudin–Shapiro (RS) and Fibonacci
(FB) Poly (CG) sequences, as well as a natural DNA sequence (Ch22) for the sake of comparison.
Making use of a one-step renormalization process, the DBL-DNA molecule is modeled in terms of a
one-dimensional tight-binding Hamiltonian to investigate its transmissivity and current–voltage (I–V )
proﬁles. Beyond the semiconductor I–V characteristics, a striking similarity between the electronic
transport properties of the RS quasiperiodic structure and the natural DNA sequence was found.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.Charge transport in DNA molecules attracts considerable inter-
est among the physics, chemistry, and biology communities not
only because of its relevance, as the carrier of genetic code of all
living organisms, but also as a promising candidate for molecular
electronics. In fact, the use of molecules as an electronic compo-
nent is a powerful new direction in the science and technology
of nanometer-scale systems, due to their scientiﬁc and engineer-
ing applications [1,2]. Besides, charge mobility in DNA has its own
importance based on its biological context [3], as well as on its
technological one (e.g. the use of DNA in electrochemical sen-
sors [4] and in future nanotechnologies [5,6]). In fact, the electronic
conduction in DNA molecules is a research frontier in molecular
electronics [7,8] because of their potential use in nanoelectronic
devices, both as a template for assembling nanocircuits, and as an
element of such circuits [9,10].
Although the use of DNA molecules in nanoelectronic circuits is
very promising due to their self-assembly and molecular recogni-
tion abilities, their conductivity properties are still under intense
debate. Different conclusions are obtained by several experiments.
On the theoretical side, both ab initio calculations [11–14] and
model-based Hamiltonians [15–20] are extensively adopted to in-
terpret the diversity of the experimental results and to ascertain
the underlying charge transport mechanisms. The former can pro-
vide a detailed description, but is currently limited to relatively
short molecules. The latter is much less detailed although allowing
addressing systems of more realistic length. However, the model-
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Open access under the Elsevier OA license.based approach can play an important complementary role be-
cause it grasps usually the underlying physics.
Earlier models of the electronic transport in DNA molecules
assume that the transmission channels are along their longitu-
dinal axis. A π -stacked array of DNA nucleobases, formed by a
symbolic sequence of a four letter alphabet, namely guanine (G),
adenine (A), cytosine (C ) and thymine (T ), provides the way to
promote long range charge migration, which in turn gives impor-
tant clues to mechanisms and biological functions of charge trans-
port [21–25]. Further improvements includes the backbone struc-
ture of the DNA molecule explicitly, which reduces the DNA base-
pair architecture into a single site per pair, the so-called ﬁshbone
model [26,27]. Later, Klotsa et al. [28] generalized the ﬁshbone
DNA model considering each base as a distinct site, weakly cou-
pled by hydrogen bonds. As a consequence, two central branches
are thus obtained, whose interconnected sites represent the DNA
basepairs; they are coupled to upper and lower disconnected back-
bone sites, giving rise to the so-called dangling backbone ladder
(DBL)-DNA model.
In this work, we use a model Hamiltonian within a one-step
renormalization approach to describe the charge transport proper-
ties of a DBL-DNA molecule (see Fig. 1). Our description of the DNA
molecule takes into account the contributions of the nucleobase
system as well as the sugar–phosphate backbone molecules. To this
end, we use a tight-binding Hamiltonian model, together with a
transfer matrix technique employed to simplify the algebra, which
can be otherwise quite involved. We consider a DBL-DNA model
following a Fibonacci (FB) and a Rudin–Shapiro (RS) quasiperi-
odic basis arrangement [29,30], as well as the DNA sequence of
the ﬁrst sequenced human chromosome 22 (Ch22) for the sake of
3994 R.G. Sarmento et al. / Physics Letters A 375 (2011) 3993–3996Fig. 1. Sketch illustrating the one-step renormalization process mapping the DBL-
DNA chain model into a linear diatomic lattice. Three different hopping integrals
are considered: the interstrand term (w), the intrastrand term (t), and the cou-
pling between the sugar–phosphate backbone and the basepairs (v), respectively.
(a) Starting effective tight-binding model for the Fibonacci and Rudin–Shapiro se-
quence for a DBL-DNA model; (b) renormalized model of the DBL-DNA molecule
after the ﬁrst decimation step.
comparison. The resulting variations of the charge transport eﬃ-
ciency are analyzed, in these sequences, by numerically computing
the main features of their electron transmittance coeﬃcients and
their I–V characteristic curves.
The tight-binding Hamiltonian for a DBL-DNA molecule de-
scribes one electron moving in a geometry composed by two in-
terconnected chains of sites sandwiched by two metallic electrodes
(donor DN, acceptor AC), considered to be platinum, with a sin-
gle orbital per site and nearest-neighbor interactions (see Fig. 1a),
yielding
Htotal = HDNA + Helectrode + Hcoupling. (1)
In order to get a simple mathematical description of the DBL-
DNA molecule, keeping most of its relevant physical information,
we use now a one-step renormalization process to map the DBL-
DNA chain into a linear diatomic lattice (see Fig. 1b). This model
allow us to incorporate the sugar–phosphate backbone contribu-
tion into an energy-dependent on-site ionization potential on the
main DNA’s basepairs, whose renormalized site energies are given
by [28,31]:
εnα,β = nα,β + v(α → SP)2/
(
E − nSP
)
. (2)
Here nα,β (α,β = C , G , A or T ) is the ionization energy (in units
of h¯) of the respective base α,β; v(α → SP) are the hopping
potentials between the base α (G , C , A or T ) and the sugar–
phosphate (SP) backbone; ﬁnally, nSP represents the single energy
at site n of the sugar–phosphate orbital, taking into account the
nature of the neighborhood base, as well as the presence of water
molecules and/or counter-ions attached to the backbone.
The energies α,β are chosen from the ionization potential of
their respective bases, i.e., G = 7.77 eV (guanine), C = 8.87 eV
(cytosine), A = 8.25 (adenine), and C = 9.13 (thymine) [32]. We
use the energy of the electrode (platinum) S = 5.36 eV, which
is related to the work function of this metal [33], while the en-
ergy of the sugar–phosphate backbone is S P = 11.0 eV. We take
the hopping potentials between the base (G , C , A or T ) and the
sugar–phosphate (SP) backbone as v = 0.7 eV, while the hopping
between the base pair inter (intra)-chain is w(α → β) = 0.05 eV
(t(α → α) = 0.5 eV), which are within the range of values ob-tained by chemical quantum calculations [34]. Furthermore, the
hopping in the electrode is to = 12.0 eV [35].
Taking into account the renormalization procedure, the ﬁrst
term of the Hamiltonian (1) is described by
HDNA =
∑
n
[
εnα |n,1〉〈n,1| + εnβ |n,2〉〈n,2|
]
+
∑
n
w(α → β)[|n,1〉〈n,2| + |n,2〉〈n,1|]
+
∑
n
t(α → α)[|n,1〉〈n ± 1,1|]
+
∑
n
t(β → β)[|n,2〉〈n ± 1,2|]. (3)
The second term, related to the two semi-inﬁnite metallic elec-
trodes, reads:
Helectrode =
0∑
n=−∞
2∑
m=1
[
nS |n,m〉〈n,m| + to|n,m〉〈n ± 1,m|
]
+
∞∑
n=N+1
2∑
m=1
[
nS |n,m〉〈n,m| + to|n,m〉〈n ± 1,m|
]
.
(4)
Our DNA molecule is coupled to the electrodes by the tunneling
Hamiltonian
Hcoupling =
2∑
m=1
tc
[|0,m〉〈1,m| + |N,m〉〈N + 1,m|], (5)
where tc = √tto represents the hopping amplitude between the AC
(DC) electrode and the beginner (end) of the DNA base-pair struc-
ture, N being the number of nucleotides in the structure under
consideration [26].
The transmission coeﬃcient TN (E) for the charge transport car-
rier of energy E gives the transmission rate of the charge carrier
through the chain and is related to the Landauer resistance. TN (E)
is deﬁned by [36]
Tn(E) =
[|T1|2 + |T2|2]/2, (6)
where T1 and T2, are given by
T1 = N1/D, (7)
T2 = N2/D. (8)
Here,
N1 = (τ33τ11τ22 − τ33τ12τ21 + τ34τ11τ22 − τ34τ12τ22
− τ31τ22τ13 + τ31τ12τ23 − τ31τ22τ14 + τ31τ12τ24
+ τ32τ21τ13 − τ32τ11τ23 + τ32τ21τ14 − τ32τ11τ24), (9)
N2 = (τ43τ11τ22 − τ43τ12τ21 + τ44τ11τ22 − τ44τ12τ21
− τ41τ22τ13 + τ41τ12τ23 − τ41τ22τ14 + τ41τ12τ24
+ τ42τ21τ13 − τ42τ11τ23 + τ42τ21τ14 − τ42τ11τ24), (10)
D = (τ11τ22) − (τ12τ21). (11)
In the above equations, τi j are the components of the 4× 4 matrix
τ , deﬁned as τ = Θ−1S−1PS, with:
R.G. Sarmento et al. / Physics Letters A 375 (2011) 3993–3996 3995Fig. 2. (Color online.) Transmittance coeﬃcient TN (E) as a function of the energy
E (in units of eV) for the DBL-DNA model considering the Fibonacci and Rudin–
Shapiro quasiperiodic sequences, whose number of nucleotides are NFB = 34 (full
line) and NRS = 32 (dashed line), respectively. For comparison, we are showing a
segment of natural DNA, as part of the human chromosome Ch22, whose number
of nucleotides is NCh22 = 32 (dotted line).
Θ =
⎛
⎜⎝
e−ikNa 0 0 0
0 e−ikNa 0 0
0 0 eikNa 0
0 0 0 eikNa
⎞
⎟⎠ , (12)
S =
⎛
⎜⎝
e−ika 0 eika 0
0 e−ika 0 eika
1 0 1 0
0 1 0 1
⎞
⎟⎠ , (13)
where k is given by
k = cos−1[(E − S)/2to]. (14)
Also, P = MR(∏1n=N Mn)ML , where the M ’s matrices are given
by
Mn =
⎛
⎜⎝
(E − εnα)/t −w/t −1 0−w/t (E − εnβ)/t 0 −1
1 0 0 0
0 1 0 0
⎞
⎟⎠ , (15)
Ml =
⎛
⎜⎝
(E − S)/tc 0 −to/tc 0
0 (E − S)/tc 0 −to/tc
1 0 0 0
0 1 0 0
⎞
⎟⎠ , (16)
MR =
⎛
⎜⎝
(E − S)/to 0 −tc/to 0
0 (E − S)/to 0 −tc/to
1 0 0 0
0 1 0 0
⎞
⎟⎠ . (17)
We start by reporting the transmission coeﬃcients TN (E), as
given by Eq. (6), which are depicted in Fig. 2 as a function of the
energy in units of eV. We have considered the four nucleotides
arranged in a quasiperiodic fashion, either following a Fibonacci se-
quence (with NFB = 34 nucleotides) or a Rudin–Shapiro one (with
NRS = 32 nucleotides), respectively, both showing a long-range
pair-correlation. For comparison, we also show the charge trans-
port properties for a genomic DNA sequence considering a segment
of the ﬁrst sequenced human chromosome Ch22 (with NCh22 = 32
nucleotides). The transmission bands in the spectrum are frag-
mented, which is related to the localized nature of the electrons
eigenstates in disordered chains, and reﬂects the number of pass-
bands in each structure. It is relevant to stress that the presence
of long-range correlations in the disorder distribution is a possi-
ble mechanism to induce delocalization in low dimensional sys-
tems [37]. However, the actual correlations in our model (hoppingFig. 3. (Color online.) The current–voltage characteristics for the Fibonacci (full
line), Rudin–Shapiro (dashed line) DBL-DNA sequences, and the human chromosome
Ch22 (dotted line). The inset shows the differential conductance dI/dV versus the
voltage V of the devices.
mechanism) are not strong enough to produce this correlation-
induced transition, and the stationary states remain all localized.
Nevertheless, the presence of long-range correlations enhances the
localization length and, therefore, the transmission resonances, as
shown in Fig. 2, survive in larger segments as compared with a
non-correlated random sequence. Observe also that the transmis-
sion coeﬃcient for long-range correlated Rudin–Shapiro sequences,
depicts a trend similar to the one produced by the genomic Ch22
sequence.
The transmission coeﬃcient is a useful quantity to describe
the transport eﬃciency in quantum systems. Nonetheless, TN (E) is
usually diﬃcult to be directly measured experimentally. Access to
transmission properties can be performed by measuring their I–V
characteristics. With the tight-binding Hamiltonian given above,
one can evaluate the I–V characteristics by applying the Landauer–
Büttiker [38] formulation
I(V ) = 2e
h
+∞∫
−∞
TN(E)
[
fDN(E) − fAC(E)
]
dE, (18)
where the Fermi–Dirac distribution is fDN(AC) = [exp[(E−μDN(AC))/
kB T ] + 1]−1, and μDN(AC) is the electrochemical potential of the
two electrodes ﬁxed by the applied bias voltage V as |μDN − μAC|
= eV . The current onset is crucially dependent on the electrochem-
ical potentials of the electrodes, that can be altered by the coupling
to molecules. For simplicity, before bias voltage is applied, the elec-
trochemical potential of the whole system is taken to be zero. It is
important to emphasize that the transmittance TN (E) should be
calculated in the forward and backward applied electric ﬁeld di-
rection.
Current–voltage characteristics of this DBL-DNA model are plot-
ted in Fig. 3 for Fibonacci (full line), Rudin–Shapiro (dashed line),
and the human chromosome Ch22 (dotted line), respectively. We
are assuming a linear voltage drop across the DNA molecules by
means of the usual expression, numerically computed near zero
temperature, as given by Eq. (15). To reproduce the potential mis-
match at zero bias, the energy difference between the guanine
HOMO energy level and the metallic Fermi level of the electrode
was set to 1.2 eV [39]. As the voltage drop is switched on, the
transmission coeﬃcient TN (E) becomes voltage-dependent, result-
ing in transmission band shifts, which in turn lead to a voltage
threshold modulation.
To extract the main features of tunneling currents in DNA
chains, let us compare the behavior of the genomic Ch22 with
those characterizing the quasiperiodic structures. When the po-
tential barrier between the metallic contacts and the DNA is set
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Fig. 3 shows that there is a characteristic Ohmic region for −5.0
Vbias  +5.0 eV, and nonlinear regions indicating transitions to-
ward current saturation for Vbias < −5.0 eV and Vbias > +5.0 eV.
The inset in Fig. 3 shows the transconductance dI/dV × V of the
devices, which are highly nonlinear. All of them have semiconduc-
tors characteristics, as in the case of the peptides α3 previously
studied [41]. Observe the agreement between the I–V characteris-
tic curves for the RS and the Ch22 case, which can be accounted
by the pair correlations shared by them, suggesting that the in-
clusion of just ﬁrst-neighbors intra-strand pair correlations on the
nucleotide distribution can provide an adequate description of the
DNA electronic properties.
In summary, aiming to further contribute to the present under-
standing of the electronic properties of DNA ﬁnite segments, we
have considered a one-step renormalization approach of the DBL-
DNA model, whose structure followed a quasiperiodic sequence of
Fibonacci and Rudin–Shapiro types, to compare them with seg-
ments of the Ch22 human chromosome. Although different cir-
cumstances may affect the coupling between the sugar–phosphate
backbone and the nucleobase system in realistic conditions, the
knowledge gained from this rather simple renormalization proce-
dure might serve as an insight to help future experimental works
on electronic transport properties of DNA molecule-based devices.
Based on our numerical results, the long-range correlations pre-
sented in the quasiperiodic as well as in the Ch22 sequences are
responsible for the slow vanishing of some transmission peaks as
the segment size is increased, which may promote an effective
electronic transport at speciﬁc resonant energies of ﬁnite DNA seg-
ments. Besides, their I–V characteristics showed semiconductor
character in agreement with previous works [41,42], being their
current saturation behavior useful to emphasize the similarities be-
tween the RS model and the human Ch22 chromosome.
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